Abstract Galectin-3 is a β-galactoside-binding protein involved in immunomodulation, cell interactions, cancer progression, and pathogenesis of infectious organisms. We report the identification and characterization of galectin-3 in human semen. In the male reproductive tract, the~30 kDa galectin-3 protein was identified in testis, epididymis, vas deferens, prostate, seminal vesicle, and sperm protein extracts. In seminal plasma, galectin-3 was identified in the soluble fraction and in prostasomes, cholesterol-rich, membranous vesicles that are secreted by the prostate and incorporated into seminal plasma during ejaculation. Twodimensional immunoblot analysis of purified prostasomes identified five galectin-3 isoelectric variants with a pI range of 7.0 to 9.2. Affinity purification and tandem mass spectrometry of β-galactoside-binding proteins from prostasomes confirmed the presence of galectin-3 in prostasomes and identified a truncated galectin-3 variant. The intact galectin-3 molecule contains a carbohydrate recognition domain and a non-lectin domain that interacts with protein and lipid moieties. The identification of a monovalent galectin-3 fragment with conserved carbohydratebinding activity indicates the functional relevance of this truncation and suggests a regulatory mechanism for galectin-3 in prostasomes. Surface biotinylation studies suggested that galectin-3 and the truncated galectin-3 variant are localized to the prostasome surface. Prostasomes are proposed to function in immunosuppression and regulation of sperm function in the female reproductive tract, are implicated in facilitating sexually-transmitted infections, and are indicated in prostate cancer progression. Given the overlap in functional significance, the identification of galectin-3 in prostasomes lays the groundwork for future studies of galectin-3 and prostasomes in reproduction, disease transmission, and cancer progression.
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Introduction
Galectin-3 is a member of the galectin protein family, conserved animal lectins that bind to β-galactoside moieties on glycoproteins and glycolipids [1] . To date, fifteen mammalian galectins, designated galectin-1 to galectin-15, have been described in a wide range of tissues. Galectins exhibit multiple, and at times contrasting, functions dependent upon the individual galectin family member, cellular localization, concentration, and/ or posttranslational modification. Galectin-3 is one of the most extensively characterized galectins and its multiple intra-and extracellular functions include regulation of cell proliferation and apoptosis, immunomodulation, cell-cell adhesion, cell-extracellular matrix adhesion, tumor progression, pathogen-host interactions, mRNA splicing, and cytoskeletal organization [1] [2] [3] . Galectin-3 is expressed as a cytosolic protein that lacks a signal sequence for transport into the endoplasmic reticulum, but is secreted via a non-classical pathway. The~30 kDa human galectin-3 protein is composed of a C-terminal 135 amino acid carbohydrate recognition domain (CRD) linked to a N-terminal 12 amino acid non-lectin domain via a 103 amino acid collagenlike linker sequence [1] . The CRD has a strong preference for the polylactosamine structure (Galβ1-4/ 3GlcNAc) n and for terminal GalNAc [4] . The non-lectin domain can interact with protein or lipid moieties, such as the lipid component of bacterial lipopolysaccharide (LPS) [3] . Thus, the galectin-3 monomer can function to crosslink two unrelated galectin-3 binding ligands. Galectin-3 can also form multimers via self-association of the nonlectin domain, leaving the CRDs accessible for binding with multiple glycoconjugate ligands [1] . Extra-and intracellular galectin-3 functions are dependent on the multi-valency of galectin-3 multimers. The collagen-like linker sequence contains multiple protease cleavage sites and proteolytic cleavage has been shown to regulate galectin-3 function [1, 5, 6] .
In the male reproductive tract, multiple studies have associated galectin-3 with tumor progression in prostate cancer [7] . In the testis, galectin-3 was identified in Sertoli cells (non-germ line cells that support spermatogenesis) and spermatogenic cells [8] . In the current report, we investigated galectin-3 in human semen, specifically the association of galectin-3 with prostasomes. Prostasomes are cholesterol-rich, membranous vesicles that are secreted by the prostate, incorporated into seminal plasma during ejaculation, and function in immunosuppression and regulation of sperm function [9] .
Materials and methods

Antibodies and protein extracts
Mouse monoclonal antibodies against galectin-3 (clone 9C4) and CD26 were purchased from Fitzgerald Industries International (Concord, MA) and Lab Vision (Fremont, CA), respectively. Horse radish peroxidase (HRP)-conjugated goat anti-mouse secondary antibodies and HRP-conjugated streptavidin were from Jackson ImmunoResearch Laboratories (West Grove, PA). Protein extracts of human testis, epididymis, vas deferens, seminal vesicle, and prostate were purchased from Biochain Institute, Inc. (Hayward, CA). These protein extracts were prepared by the company from liquid nitrogen fresh frozen tissues using a proprietary mixture of HEPES (pH 7.9), MgCl 2 , KCl, EDTA, sucrose, glycerol, sodium deoxycholate, NP-40, sodium orthovanadate and protease inhibitors.
Preparation of sperm protein extract and clarified seminal plasma
Semen samples from healthy human males were obtained from the Assisted Reproductive Technology Center at the University of Arkansas for Medical Sciences (UAMS) following a protocol approved by the UAMS Institutional Review Board. Semen samples were centrifuged at 1,000×g for 20 min. Seminal plasma was decanted and clarified at 10,000×g, 4°C for 30 min. Pelleted sperm were washed twice in Ham's F-10 medium (Sigma Chemical Company, Saint Louis, Missouri) and extracted in 1% sodium dodecyl sulfate (SDS) containing 1X Complete® protease inhibitor cocktail (Roche Diagnostics, Indianapolis, Indiana) for 30 min at 4°C. Extracted sperm protein and seminal plasma were centrifuged at 10,000×g, 4°C for 30 min to remove insoluble debris. Protein concentrations were determined using a bicinchoninic acid (BCA) assay (Pierce Chemical Company, Rockford, Illinois).
Differential ultracentrifugation
Clarified seminal plasma was centrifuged at 100,000×g, 4°C for 2 h to prepare a soluble fraction (supernatant) and a membrane-enriched fraction (pellet). The membraneenriched pellet was treated with 0.5% Triton X-100 at 4°C for 15 min in a volume equal to the original seminal plasma sample and centrifuged at 100,000×g, 4°C for 2 h.
The resulting supernatant and pellet contained the detergent-soluble fraction and the detergent-resistant fraction, respectively. The detergent resistant pellet was resuspended in a volume equal to the original seminal plasma sample.
Sucrose density gradient analysis
The membrane fraction from 3 ml clarified seminal plasma was collected by centrifugation at 100,000×g, 4°C for 1 h and resuspended in 250 µl 45% sucrose/Trisbuffered saline (TBS; 10 mM Tris, pH 7.4, 150 mM NaCl). To prepare a discontinuous sucrose density gradient, 200 µl resuspended membrane fraction was overlayed with 600 µl 30% sucrose/ TBS and 400 µl 5% sucrose/ TBS in a polycarbonate 11×34 mm tube. Following centrifugation in a swinging bucket rotor at 100,000×g, 4°C for 18 h, nine equal fractions were collected, the first corresponding to the top of the tube and the ninth corresponding to the bottom of the tube.
Prostasome isolation and surface biotinylation
Prostasomes were separated from amorphous material in the seminal plasma membrane fraction by one of two methods. First, the membrane fraction was resuspended in phosphate buffered saline (PBS, pH 7.2: 1.9 mM sodium phosphate monobasic, 8.1 mM sodium phosphate dibasic, 150 mM NaCl) at the original volume of the seminal plasma sample, subjected to column chromatography on a 35 ml Sephacryl S300 column at 4°C and prostasomes were collected in the column void volume [10] . The column void volume was determined with blue dextran. Alternatively, the membrane pellet from clarified seminal plasma was washed by ultracentrifugation three times in PBS for 1 h each to enrich for prostasomes [11] . In some experiments, surface proteins on purified prostasomes were labeled with membrane-impermeable sulfo-NHS-LC-biotin (Pierce Chemical Company) [12] and excess biotin was removed by dialysis against PBS. Spots were excised from Coomassie blue stained protein bands into a 96-well plate with the ProPic imaging and spot-picking robot from Genomic Solutions, and trypsin digestion was performed with the ProGest in-gel enzymatic digestion robot (Genomic Solutions) using sequencing grade modified trypsin (Promega, Madison, WI). The resulting peptide mixture was loaded using an autosampler onto a trapping column (Symmetry300 C18 5 µm NanoEase, Waters Corp., Beverly, MA) using a CapLC XE (Waters) system, a switching valve, and a flow rate of 20 µl/min. Peptides were separated by nanoflow capillary HPLC using a CapLC XE pump (Waters) operating at 12 µL/min; flow rate was controlled with a splitter in front of the switching valve. Peptides were eluted at 300 nL/min onto a self-packed PicoFrit (New Objective) 75 µm× 10 cm column (Jupiter 4 µ Proteo 90A, Phenomenex, Torrance, CA). The eluant was analyzed in-line by ESI-MS/MS using a Micromass Q-Tof Micro (Waters) tandem mass spectrometer operating in the positive ion mode. Data acquisition was performed in a data dependent fashion. Data was processed using ProteinLynx 2.0 (Waters), and the resulting peak list was used to search Mascot protein database (www.matrixscience.com) and assigned a Mascot score. Mascot scores for proteins are a summation of the scores for the individual peptides. Higher scores translate to greater probability for a sequence being correct.
Biotinylation and collagenase digestion of recombinant galectin-3
The human galectin-3 cDNA sequence was amplified by the polymerase chain reaction (PCR) from the pOTB7-galectin-3 plasmid construct (ATCC MGC-2058; American Type Culture Collection, Manassas, VA) using specific primers (IDT, Coralville, IA). The forward primer was 5′-GCCGTCCATATGGCAGACAATTT TTCG-3′ and the reverse primer was 5′-AGGATCCA GATTATATCATGGTATATG-3′. Underlines indicate NdeI and BamHI restriction sites, respectively. Amplified cDNA was digested with NdeI and BamHI (New England Biolabs, Ipswich, MA), and cloned into the pET-11a expression vector. The prepared construct was transformed into competent E. coli XL1 blue cells and the galectin-3 cDNA sequence was confirmed by automated DNA sequencing performed in the DNA Sequencing Core Facility, Department of Microbiology and Immunology, University of Arkansas for Medical Sciences. E. coli BL21 (DE3) competent cells transformed with the galectin-3 expression construct were grown in LB/ampicillin media (Midwest Scientific, St. Louis MO) to A 600 nm of 0.5, induced with 1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG; Midwest Scientific) for 4 h at 37°C and harvested by centrifugation at 10,000×g for 30 min at 4°C. The cell pellet was lysed by sonication in lysis buffer (75 mM Tris, pH 7.8, PBS, 0.1% Triton X-100, 1 mM dithiothreitol, 0.2 mg/ml lysozyme [Sigma, St. Louis, Missouri], and 1X protease inhibitors [Roche Diagnostics, Indianapolis, IN]) and centrifuged at 3,000×g for 15 min 4°C. Recombinant galectin-3 was purified from bacterial lysate by lactose affinity column chromatography and biotinylated with twenty-fold molar excess of EZLink ® Sulfo-NHS-LC-Biotin (Pierce) in PBS/4 mM BME for 30 min at room temperature. Excess biotin was removed by dialysis against PBS with 4 mM BME. Biotinylated galectin-3 was incubated at 37°C for 2 h with Clostridium histolyticum collagenase Type VII (Sigma) [13] .
Electrophoresis and immunoblot analysis
For one-dimensional immunoblots, protein samples were separated by SDS-PAGE and electroblotted onto nitrocellulose [14] . Blots were developed for 1 min in Ponceau S, photographically digitized, rinsed in PBS/0.05% Tween-20 to remove staining, and blocked in 3% BSA/PBS/0.05% Tween-20. Blots were incubated with primary antibodies overnight at 4°C. Dilution factors for all immunoblots were anti-galectin-3 at 1:500 and anti-CD26 at 1:1,000. Blots were washed three times with PBS/0.05% Tween-20, incubated in HRP-conjugated goat anti-mouse secondary antibodies (1:5,000), washed twice with PBS/0.05% Tween-20, washed once in PBS, and developed with tetramethylbenzidine (TMB) reaction substrate (Kirkegaard & Perry, Gaithersburg, MD) or with enhanced chemiluminescence (GE Healthcare, Piscataway, NJ). In some experiments, SDS-PAGE gels were subjected to silver staining and biotinylated proteins were detected on electroblots with HRP-conjugated streptavidin (1:50,000). Negative controls included blots incubated with secondary antibodies or streptavidin alone.
For two-dimensional analysis, proteins were separated in the first dimension by isoelectric focusing on IEF strips with a pI range of 3.0 to 10.0 using a Bio-Rad Protean IEF Cell (Bio-Rad, Hercules CA) following the manufacturer's instructions. Proteins were separated through a second dimension on 16% acrylamide SDS-PAGE and evaluated by immunoblotting and silver staining. The pI of electrophoresed proteins was estimated using a pI marker set (Bio-Rad).
Results
Immunoreactivity of the 9C4 mAb with intact galectin-3 but not the galectin-3 CRD Biotinylated galectin-3 was proteolytically cleaved with C. histolyticum collagenase Type VII which cuts galectin-3 between tyrosine-107 and glycine-108 in the collagen-like linker sequence. This cleavage liberates the CRD from the N-terminal domain with anticipated molecular masses of 17 kDa and~10 kDa, respectively [13] . Electroblot analysis identified streptavidin-reactive protein bands of 30 kDa in the untreated sample and~30 and~17 kDa in the collagenase-treated galectin-3 sample (Fig. 1) . The absence of Arg and Lys residues in the galectin-3 linker and non-lectin domains results in the exclusive biotinylation of the galectin-3 CRD; thus, only the intact (~30 kDa) and cleaved galectin-3 CRD (~17 kDa) bands can be identified with streptavidin. Anti-galectin-3 9C4 immunoreactivity with the intact (~30 kDa) galectin-3 bands was identified in the untreated and collagenase-treated samples with an additional~10 kDa band in the collagenase-treated sample. Thus, the anti-galectin-3 9C4 mAb reacted with an epitope present in intact galectin-3 and in the N-terminal 107 amino acid residues of galectin-3 that contain the non-lectin domain and a portion of the collagen-linker sequence; the 9C4 mAb was not immunoreactive with the cleaved galectin-3 CRD. Fig. 1 Immunoreactivity of the 9C4 mAb with intact galectin-3 but not with the galectin-3 CRD. Biotinylated, recombinant galectin-3 was incubated with C. histolyticum collagenase and subjected to electroblot analysis. Streptavidin identified biotinylated galectin-3 (~30 kDa) in the untreated and treated samples and the biotinylated, cleaved galectin-3 CRD (~17 kDa) in the treated sample. The 9C4 mAb reacted with intact galectin-3 (~30 kDa) in the untreated and treated samples and with a protein band of the molecular mass (~10 kDa) anticipated for the 107 amino acid, N-terminal galectin-3 protein fragment generated by collagenase Type VII cleavage. 9C4 immunoreactivity with the CRD was not apparent. Molecular weight markers are indicated in kDa Galectin-3 immunoreactivity in male reproductive tract samples
To examine the presence of galectin-3 in the male reproductive tract, clarified human seminal plasma and protein extracts of human testis, epididymis, vas deferens, seminal vesicle, prostate, and sperm were separated by SDS-PAGE under reducing conditions and evaluated by anti-galectin-3 immunoblot analysis (Fig. 2) . Galectin-3 immunoreactivity was identified as an~30 kDa band in all extracts and in clarified seminal plasma.
Ultracentrifugation analyses of the seminal plasma membrane fraction Galectin-3 association with the soluble and membrane fractions of seminal plasma was investigated by differential ultracentrifugation. Following SDS-PAGE and antigalectin-3 immunoblot analysis, galectin-3 was identified in the soluble and membrane fractions of seminal plasma (Fig. 3 ). Galectin-3 was detected in both the Triton X-100-soluble and Triton X-100-insoluble membrane fractions. Detergent-insolubility of the membrane fraction is characteristic of cholesterol-rich membrane [15] .
The human seminal plasma membrane fraction was subjected to discontinuous sucrose density gradient ultracentrifugation. Immunoblot analysis of collected fractions demonstrated that galectin-3 ascended into regions of lower sucrose concentration to the interface between the 5% and 30% sucrose phases (Fig. 4) . This migration is characteristic of buoyant, low density, cholesterol-rich membrane [15] . CD26 (dipeptidyl peptidase IV) is an integral membrane glycoprotein in prostasomes [9] and was included as a positive control. CD26 co-migrated with galectin-3 into regions of lower sucrose density.
Galectin-3 immunoreactivity in purified prostasomes
Prostasomes were purified from seminal plasma using a standard method for prostasome isolation [10] . The prostasome-enriched membrane fraction of seminal plasma was subjected to size exclusion chromatography on Sephacryl S300 to separate prostasomes from nonprostasomal material. Prostasomes are larger in mass than the exclusion limit of the column and were collected in the column void volume (fractions [14] [15] [16] [17] [18] [19] as demonstrated by total protein staining and immunoblot analysis for the positive control CD26 (Fig. 5) . Anti-galectin-3 immunoblot analysis demonstrated galectin-3 immunoreactivity in fractions 14-19, indicating the association of galectin-3 with prostasomes. Neither galectin-3 nor CD26 were detected in later column fractions. Fig. 2 Galectin-3 immunoblot analysis of male reproductive tract protein samples. Ten µg human testis, epididymis, vas deferens, seminal vesicle, and prostate extracts and 20 µg sperm extract and clarified seminal plasma were separated by SDS-PAGE and evaluated for galectin-3 reactivity by immunoblot analysis with the anti-galectin-3 mAb. Galectin-3 (~30 kDa) immunoreactivity was identified in all extracts and seminal plasma. Molecular weight markers are indicated in kDa Fig. 3 Differential ultracentrifugation analysis of galectin-3 in seminal plasma. Clarified seminal plasma was ultracentrifuged to separate the soluble fraction (supernatant) from the membrane fraction (pellet). The membrane fraction was treated with 0.5% Triton X-100 and ultracentrifuged to separate the detergent-soluble (supernatant) and detergent-insoluble (pellet) membrane fractions. Twenty µg (13.1 µl) clarified seminal plasma and 13.1 µl soluble fraction, detergent-soluble membrane fraction, and detergent-insoluble membrane fraction were evaluated by immunoblot analysis with the antigalectin-3 mAb to compare the relative amount of galectin-3 in each fraction Fig. 4 Sucrose density gradient analysis of galectin-3 in the membrane fraction of seminal plasma. The membrane fraction from seminal plasma was subjected to density gradient ultracentrifugation on a 5%/30%/45% discontinuous sucrose gradient. Nine equal fractions were collected, the first corresponding to the top of the tube and the ninth corresponding to the bottom of the tube, and evaluated by immunoblot analysis for galectin-3 and CD26 Two-dimensional immunoblot analysis of purified prostasomes with the anti-galectin-3 monoclonal antibody identified five immunoreactive spots with a molecular mass of~30 kDa (Fig. 6) . A major spot was identified at pI 9.0 and three minor spots at pI 7.0, 7.9, and 9.5. An additional minor spot was identified at~27 kDa and with a pI of 9.2.
Purification of β-galactoside-binding proteins and tandem mass spectrometry β-galactoside-binding proteins were isolated from prostasomes by lactose-affinity column chromatography. Fractions eluted with lactose were subjected to SDS-PAGE, silver-staining, and anti-galectin-3 immunoblot analysis (Fig. 7) . Galectin-3 was identified as an~30 kDa immunoreactive band in the starting material and in eluted fractions 4 and 5. Silver staining identified specific protein bands of 15,~30, and~90 kDa in the purified fractions. In fractions 4 and 5, the~15 kDa band appeared as a doublet.
Tandem mass spectrometry of the lactosyl affinitypurified~30 kDa protein identified ten separate peptides that matched with the reported amino acid sequence of human galectin-3 with a significant Mascot score of 565 and represented 40% of the galectin-3 sequence (Fig. 8a) . Analysis of the~15 kDa band yielded nine peptide matches with galectin-3 with a significant Mascot score of 427 and represented 31% of the full-length galectin-3 sequence and 59% of the galectin-3 CRD sequence (Fig. 8b) . No sequence matches were obtained for any other members of the galectin family, including the prototype galectins that have a molecular mass of~15 kDa. Analysis of thẽ 90 kDa band yielded 21 peptide matches with lactoferrin with a Mascot score of 1,093 and represented 35% of the lactoferrin sequence (Data not shown).
Purification of β-galactoside-binding proteins from surfacebiotinylated prostasomes Purified prostasomes were surface-biotinylated with membrane-impermeable sulfo-NHS-LC-biotin and β-galactoside-binding proteins were purified by lactosylaffinity chromatography. Streptavidin reacted with multiple Fig. 6 Two-dimensional immunoblot analysis of purified prostasomes. Forty µg purified prostasome protein was separated by pI in a first dimension and by molecular mass in a second dimension. Total protein was identified by silver staining (a). Galectin-3 immunoreactivity was detected by immunoblot analysis (b). pI markers are indicated at the top of the electrophoretic gel. Molecular weight (in kDa) markers are indicated on the right Fig. 5 Prostasome purification by size exclusion chromatography and galectin-3 immunoblot analysis. The membrane fraction from seminal plasma was subjected to size exclusion column chromatography on Sephacryl S300 and prostasomes were collected in the void volume (fractions [14] [15] [16] [17] [18] [19] . Aliquots of column fractions were separated by SDS-PAGE. Electroblots were stained for total protein with Ponceau S and for galectin-3 and CD26 immunoreactivity. Molecular weight markers are indicated in kDa biotinylated bands on an electroblot of the non-bound material collected in the flow through from the affinity column (Fig. 9) . Two predominant biotinylated β-galactoside-binding proteins were identified in the purified fraction at~15 kDa and~30 kDa, and a minor band was detected at~23 kDa. Immunoblot analysis of the same material indicated that the biotinylated~30 kDa band comigrated with the~30 kDa anti-galectin-3 immunoreactive band.
Discussion
Galectin-3 expression was previously identified in the male reproductive tract in human testis [8] and prostate [7] . Our immunochemical results now demonstrate galectin-3 in the human testis, epididymis, vas deferens, seminal vesicle, prostate, sperm, and in the soluble and membrane fractions of seminal plasma. Identification in the seminal plasma membrane fraction suggested that galectin-3 is associated with prostasomes. Prostasomes are multi-lamellar membranous vesicles (50-400 nm) that are cholesterol-rich and are secreted by the prostate into seminal plasma during ejaculation. Differential ultracentrifugation of seminal plasma indicated that galectin-3 is associated with a detergentinsoluble membrane fraction, and sucrose density gradient ultracentrifugation demonstrated that galectin-3 ascended Fig. 9 Purification of β-galactoside-binding proteins from purified, surface-biotinylated prostasomes. The surface of isolated prostasomes was biotinylated with membrane-impermeable sulfo-NHS-LC-biotin. β-galactoside-binding proteins were affinity purified on immobilized lactose. Non-bound material in the column flow through and purified β-galactoside-binding proteins were subjected to electroblot analysis to identify biotinylated proteins with HRP-conjugated streptavidin and to identify galectin-3 immunoreactivity. Molecular weight markers are indicated in kDa Fig. 8 Sequence coverage of galectin-3 peptides identified by tandem mass spectrometry. The~30 and~15 kDa β-galactoside-binding proteins from the seminal plasma membrane fraction were digested with trypsin and analyzed by tandem mass spectrometry. a Analysis of the~30 kDa protein yielded ten peptides (Bold Underline) that matched with the reported amino acid sequence of human galectin-3 (Mascot score = 565) and represented 40% of the galectin-3 sequence. b Analysis of the~15 kDa protein yielded nine peptides (Bold Underline) that matched with the reported amino acid sequence of human galectin-3 (Mascot score = 427) and represented 31% of the galectin-3 sequence Fig. 7 Purification of β-galactoside-binding proteins from the prostasome-enriched membrane fraction. The seminal plasma membrane fraction was extracted to release proteins from the cholesterolrich prostasome membrane. Extracted proteins were subjected to affinity column chromatography on immobilized lactose. Aliquots of starting material, the final column wash, and eluted fractions containing β-galactoside-binding proteins were separated by SDS-PAGE. Total protein was identified by silver staining (a), and galectin-3 was identified by immunoblot analysis (b). Molecular weight markers are indicated in kDa into regions of lower sucrose concentration. These results are consistent with an association with buoyant, cholesterol-rich membranous vesicles such as prostasomes.
Prostasomes are a heterogeneous population of membranous vesicles [16] that are secreted by the prostatic epithelium and exhibit exosome-like structural and functional properties. Exosomes are membranous vesicles that are secreted by an exocytotic pathway by a variety of cell types and tissues including dendritic cells, lymphocytes, the intestinal epithelium, and the parotid gland [17] [18] [19] [20] . Exosome-like vesicles, termed epididymosomes, are secreted by the epididymis and contribute to sperm maturation [21] . The majority of characterized exosomes, including prostasomes, exhibit immunomodulatory properties and are proposed to mediate intercellular communication [20] . Significantly, previous proteomic analyses identified galectin-3 associated with exosomes from dendritic cells [18] and saliva [19] . However, the role of galectin-3 in these exosomes remains unclear.
The association of galectin-3 with prostasomes was demonstrated by the identification of galectin-3 in prostasome fractions purified by size exclusion from the membrane fraction of seminal plasma. On twodimensional immunoblots of purified prostasomes, galectin-3 was detected as one major immunoreactive spot with four additional minor spots. The predominant galectin-3 spot and three minor~30 kDa galectin-3 spots were identified over a pI range consistent with previously reported galectin-3 isoelectric points [22, 23] . Identification of these four~30 kDa isoelectric isoforms is potentially due to variations in phosphorylation and/or acetylation of the galectin-3 polypeptide [22, 24] . Wang et al. demonstrated that differences in phosphorylation resulted in discrete isoelectric variants of mouse galectin-3 [22] , and Huflejt et al. [24] identified phosphorylation of the human galectin-3 N-terminal region. Extensive characterization of the posttranslational modifications of prostasome galectin-3 was beyond the scope of the current report and will be the subject of a future study. A minor, lower molecular weight isoform has also been previously observed on twodimensional blots of galectin-3 and may be the result of an RNA splicing variant [23] or due to proteolytic processing.
The presence of galectin-3 in prostasomes was confirmed by the identification of a lactosyl affinity-purified, 30 kDa protein band as galectin-3 by tandem mass spectrometry. Identification of peptide sequences in only the C-terminal half of galectin-3 was likely due to the absence of trypsin cleavage sites in the N-terminal region of the molecule. Interestingly, galectin-3 was not identified by the proteomic analysis of prostasomes reported by Utleg et al. [25] and Poliakov et al. [16] . However, our identification of galectin-3 may have resulted from differences in the methods employed to isolate prostasomes from seminal plasma. Similarly, galectin-3 identification in dendritic cell exosomes varied with the exosome isolation methods utilized [17, 18] .
Sequence analysis also identified a lactosyl affinitypurified,~15 kDa band as galectin-3. No sequence matches were obtained for any other members of the galectin family, including the prototype galectins that have a molecular mass of~15 kDa [1] . The ability of this protein to bind to immobilized lactose demonstrated that it contained a functional CRD. However, the lack of immunoreactivity with the anti-galectin-3 mAb, which is specific to the Nterminal region of galectin-3, indicated that the non-lectin binding domain was absent. The expected molecular weight of the CRD region is~15 kDa [6] . Therefore, these collective results indicate that the~15 kDa protein band represents a truncated galectin-3 variant that lacks the nonlectin domain and retains carbohydrate-binding activity. The ability of the galectin-3 CRD fragment to bind carbohydrate moieties following proteolytic cleavage has also been reported by other investigators [1, 26, 27] .
Co-purification of lactoferrin with β-galactoside-binding proteins implicates lactoferrin as a potential galectin-3 binding protein. Lactoferrin is a member of the transferrin family of iron-binding proteins and is found in body fluids, including milk and seminal plasma, neutrophil granules, and prostasomes [25, 28] . Although galectin-3 binding has not been described for lactoferrin, this protein contains Nacetyllactosamine glycans that may include motifs for galectin-3 binding [28] , and galectin-3 has been shown to bind to a minor fraction of transferrin in serum [29] . However, the well documented interaction of lactoferrin with advanced glycation end products (AGEs) [30] indicates that lactoferrin exhibits carbohydrate binding activity and might bind directly to an immobilized carbohydrate such as lactose. Therefore, the potential for galectin-3 binding to lactoferrin will require direct confirmation.
Biotinylation of the prostasome surface combined with the purification of β-galactoside-binding lectins was used to examine the localization of galectin-3 on the prostasome surface. Sulfo-NHS-LC-biotin is not membrane permeable; therefore, only molecules on the prostasome surface would be biotinylated. Two predominant biotinylated, β-galactoside-binding protein bands of~30 kDa and 15 kDa were identified. The biotinylated~30 kDa band comigrated with the immunoreactive~30 kDa galectin-3 band. Significantly,~30 kDa and~15 kDa β-galactosidebinding proteins from prostasomes were identified by tandem mass spectrometry as galectin-3 and a truncated galectin-3 CRD product, respectively. The minor~23 kDa band identified in the biotinylated β-galactoside-binding fraction was not detected by total protein staining of nonbiotinylated β-galactoside-binding proteins. The relation-ship between this putative β-galactoside-binding protein and galectin-3 is unknown and requires further investigation. Absence of the~90 kDa lactoferrin band in the biotinylated, β-galactoside-binding fraction may have resulted from lack of prostasome surface localization, low efficiency of lactoferrin biotinylation, and/or inhibition of galectin-3-lactoferrin interaction following biotinylation. Definitive confirmation of galectin-3 localization on the prostasome surface and investigation of galectin-3 inside prostasomes will require electron microscopy. Nevertheless, these results suggest that galectin-3 and a galectin-3 CRD fragment are present on the surface of human prostasomes, and this is the first indication that galectin-3 is localized to the surface of an exosome-like vesicle from any cell or tissue source.
Proteolytic cleavage of the galectin-3 collagen-like linker sequence removes the non-lectin domain, prevents galectin-3 multimerization, and renders galectin-3 unable to crosslink its target glycoconjugate ligands. Galectin-3 cleavage has been demonstrated with multiple proteases including collagenases, matrix metalloproteases (MMP)-2, -9, and -13, neutrophil elastase, and leishmanolysin [3, 5, 6, 27] . Proteolytic regulation of galectin-3 function in this manner was indicated in the inactivation of neutrophil NADPH oxidase activity, in the pathogenesis of Leishmania major, and in chondrocyte release from the cartilage matrix [3, 5, 31] . Following cleavage, the galectin-3 CRD fragment retains its carbohydrate binding activity, as evidenced by its ability to bind lactose and other carbohydrate moieties with similar substrate specificity as that observed with intact galectin-3 [26] . However, a physiological function for the galectin-3 CRD fragment remains speculative [1, 27] . MMPs-2 and -9 are present in human seminal plasma [32] and may contribute to galectin-3 truncation in prostasomes. However, whether the truncated galectin-3 variant in prostasomes is the product of proteolytic cleavage or differential mRNA splicing is not known. Nevertheless, the identification of this functional galectin-3 CRD fragment provides a potential regulatory mechanism for galectin-3 function in prostasomes.
Prostasomes are a major component of semen with the total prostasome protein content in semen being twice that of spermatozoa [33] ; thus, while millions of sperm are present in an ejaculate, prostasomes likely number in the billions. Two main functional roles for prostasomes have been proposed: enhancement of sperm function and immunosuppressive activity in the female reproductive tract [9] . Prostasomes were shown to fuse with sperm in vitro, to increase sperm motility by delivery of intraprostasomal calcium stores, and to prevent the premature maturation of sperm. Furthermore, prostasomes are proposed to protect sperm from the female immune system by inhibiting the oxidative burst in neutrophils, preventing phagocytosis in leukocytes, and acting as a reservoir for the complement inhibitor CD59. These general immunosuppressive effects may also facilitate the pathogenesis of sexually-transmitted pathogens [34] . Significantly, prostate cancer cell lines continue to secrete prostasomes, and prostasomes have been proposed to play a role in angiogenesis, metastasis, and immunosuppression during prostate cancer [9] .
The identification of galectin-3 on the surface of prostasomes, together with its cell adhesive and immunomodulatory properties, implicates galectin-3 in prostasome regulation of sperm function and immunosuppression in the female reproductive tract. Furthermore, the roles of galectin-3 in apoptosis, tumor cell adhesion, angiogenesis and metastasis in multiple malignancies, including prostate cancer, suggests that galectin-3 may participate in prostasome promotion of prostate cancer progression [1] . Future study of galectin-3 in prostasomes will provide new insights into prostasome function in the molecular mechanisms of intercellular communication in prostate cancer and in intercellular signals communicated from the male genital tract to the female genital tract during normal reproductive function.
